In situ and light-saturated net photosynthetic rates per unit leaf area were greater in cotton (Gossypium hirsultum L.) plants grown in pots in the field than in similar plants from a phytotron growth chamber. Lightsaturated stomatal resistances did not differ in leaves of similar age and exposure on field and chamber plants; lower photosynthetic rates in chamber leaves were associated with greater mesophyli resistance. Dif-ferences in net photosynthetic rates were related to differences in leaf thickness. When In the present study, we found differences in in situ photosynthetic rates under ambient conditions in the field and chamber environments. Measurements of the response of photosynthetic rate to changes in light intensity were then made under standard conditions in the laboratory to determine whether the differences observed in situ could be related to the plant material itself rather than to differences in the ambient light environments. Stomatal diffusive resistance, leaf anatomy, and chloroplast lamellar characteristics were also studied as possible explanations for the observed differences in photosynthetic rates.
saturated stomatal resistances did not differ in leaves of similar age and exposure on field and chamber plants; lower photosynthetic rates in chamber leaves were associated with greater mesophyli resistance. Dif- ferences in net photosynthetic rates were related to differences in leaf thickness. When the photosynthetic rates were expressed per unit of mesophyU volume or per unit chlorophyll differences between field and chamber plants were much less than when rates were expressed per unit leaf area. Characterization of the chloroplast lamellar proteins showed that the field leaves had smaller photosynthetic units than the chamber leaves. Since the field leaves also contained more chlorophyll per unit area, this resulted in a much larger number of photosynthetic units per unit area in the field leaves.
With the increasing use of controlled environment facilities in research in the plant sciences have come questions concerning the comparability of plants grown in controlled and field environments and the use of physiological data obtained in controlled environments to predict plant responses under field con- ditions. An investigation directed at answering some of these questions is now underway as a cooperative effort between the Duke University and North Carolina State University units of the Southeastern Plant Environment Laboratories (16) . As part of this investigation, we studied photosynthetic characteristics of cotton grown in a controlled environment room in the Duke phytotron and in the field.
Previous studies have shown that maximum photosynthetic rates are often greater in field-grown plants than in greenhousegrown plants (5, 11, 12) , but comparisons with plants from conventional growth chambers have seldom been made. Hesketh (13) reported that cotton plants grown in a growth chamber at 3,000 ft-c of fluorescent light had photosynthetic rates similar to winter-grown greenhouse plants. When In the present study, we found differences in in situ photosynthetic rates under ambient conditions in the field and chamber environments. Measurements of the response of photosynthetic rate to changes in light intensity were then made under standard conditions in the laboratory to determine whether the differences observed in situ could be related to the plant material itself rather than to differences in the ambient light environments. Stomatal diffusive resistance, leaf anatomy, and chloroplast lamellar characteristics were also studied as possible explanations for the observed differences in photosynthetic rates. (18) maintained the chamber CO2 concentration at or above 300 ppm.
MATERIALS
The field plants received higher daily total radiation as well as higher peak radiation than the chamber plants ( Table I ). The average relative humidity in the field was 60%. For the period of vegetative growth (May through early August), the average daily maximum and minimum air temperatures were 29 C and 18 C, respectively. From these values, average day and night temperatures were calculated by the method of Went (22) (15) for both leaf surfaces on well exposed canopy leaves in the two environments. Resistances to H20 flux were converted to resistances to CO2 flux by multiplying by 1 .605 (14) .
Total resistance to CO2 flux was calculated using light-saturated photosynthetic rate as the flux and the external CO2 concentration as the CO2 concentration gradient (23) . From wind speed and leaf dimensions we estimated that the boundary layer resistances of both field and chamber leaves were about 1 sec cm-' to CO2 (21) . Stomatal (20) , and the PSU size was calculated from the ratio of total Chl to P700 in the samples (2 (Table II) . Light-saturated stomatal resistance to CO2 flux was about 2.4 sec cm-' in both field and chamber leaves (Table III) . Resistances on the lower surface were less than upper surface, corresponding to the pattern of stomatal frequencies (Table III) . Stomatal frequencies (stomates/mm2) were greater in the field plants for both leaf surfaces (Table III) . Pore sizes were not measured, but chamber leaves can be deduced to have less resistance per pore than field leaves. Calculated light-saturated mesophyll resistances to CO2 flux were 4.5 sec cm-' for the chamber leaves and 1.8 sec cm-' for the field leaves. The greater total thickness of the field leaves was due to thicker palisade and spongy mesophyll layers (Table III) . The total epidermal thickness was greater in the chamber leaves.
Thus, total mesophyll volume per unit area was considerably greater in the field leaves (2.24 cm3 dm-2) than in the chamber leaves (1.70 cm3 dM-2). The greater thickness of the field leaves was also reflected in their higher specific leaf weights (0.534 g dm-2 compared to 0.348 g dm-2 for the chamber leaves). The thicker field leaves contained more Chl per unit area than the chamber leaves (Table III) . The greater Chl content and Plant Physiol. Vol. 59, 1977 smaller PSU size in the field leaves can explain the presence of more PSUs per unit leaf area in the field leaves. On a mesophyll volume basis, the difference in the number of PSUs in the two types of leaves is much smaller. The differences in the PSU size and the Chl a/b ratios in the two leaf types are fully accounted for by the differences in the lamellar content of the light-harvesting Chl a/b protein (Table III) which has been shown to vary in response to irradiance during growth and to be reflected in the content of Chi b present (1, 7) .
DISCUSSION
The differences in the maximum photosynthetic rates observed in situ were greater than the differences in light-saturated rates because of the higher irradiance in the field during the in situ measurements. These greater differences would be predicted from the shapes of the photosynthesis-irradiance response curves obtained under laboratory conditions. The photosynthetic response curves for the chamber and field leaves (Fig. 1) indicate that under the ambient chamber irradiance during the in situ measurements (500-700 ,ueinsteins m-2 sec-' PAR), the chamber leaves would be operating at about 80% of their rate at light saturation, whereas the field leaves would be at light saturation at the irradiance levels in the field during the in situ measurements.
Light-saturated stomatal resistances were similar in field and chamber leaves and the higher photosynthetic rates of field leaves under standard conditions were due to lower mesophyll resistances. Our estimate of mesophyll resistance reflects the total nonstomatal limitation to CO2 uptake, and does not differentiate between possible limitations due to diffusive transfer within the leaf, photochemical reactions, biochemical reactions, or respiration. Nobel et al. (17) found thicker leaves to have lower mesophyll resistances (per leaf area) because of increased mesophyll surface area. If, as the data of Nobel et al. (17) suggest, leaf thickness differences directly reflect differences in mesophyll surface area, then we might expect differences in leaf thickness to account for differences in mesophyll resistance. In the present study, the differences in mesophyll resistance were greater than the differences in either leaf or mesophyll thickness (ratios of chamber to field were 2.50, .83, and 0.76 respectively). It seems that differences in the diffusive pathways of CO2 do not completely account for the observed differences in photosynthetic rates in the field and chamber leaves.
The field plants had more mesophyll volume per area, and when photosynthesis was expressed on a mesophyll volume basis ( Fig. 2 and Table II), the rates of chamber and field leaves were more alike. Nobel et al. (17) found that the higher light-saturated photosynthetic rates of Plectranthus parviflorus Henckel grown in high light were due to the increase in mesophyll surface area per unit leaf area rather than to changes in the photosynthetic activity per unit of mesophyll area. Similarly, CharlesEdwards and Ludwig (9) reported that in Lycopersicon esculentum Miller grown in different light environments, light-saturated photosynthetic rates per unit leaf volume differed only slightly, whereas rates per unit leaf area differed by a factor of 1.9 when plants grown at 20 and 80 w m-2 were compared.
Other studies have reported strong correlations between lightsaturated photosynthetic rates and carboxylation enzyme activities when both are expressed on a leaf area basis (6, 10 [19] ).
In summary, when photosynthetic rates are expressed on mesophyll volume basis, plants from controlled and field environments can be shown to be more alike than when rates are expressed on an area basis (compare Figs. 1 and 2 ). The choice of the basis for the expression of photosynthetic rates can aid considerably in the extrapolation of results from phytotron studies to the field. This is particularly important in the construction and application of models of the photosynthetic process. 387
